In contrast, our current understanding of the evolution of defects after cascade thermalization, which is often referred to as dynamic annealing (DA), is limited for most materials.
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Understanding mechanisms involved in DA is, however, highly desirable since DA plays a major role in the formation of stable post-irradiation disorder in most technologically relevant cases, including ion-beam-processing of semiconductors and radiation damage in nuclear materials.
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In this letter, we focus on the time scale of DA processes; i.e., a characteristic time constant τ over which the dominant processes of defect evolution persist after the thermalization of collision cascades. Such a time constant τ is determined by the thermal stability, effective diffusivity, and specific interaction processes of radiation-generated defects. Knowledge of τ is important for the development of physically sound models of damage accumulation in solids in order to control and fully exploit the effects of radiation damage. In particular, it is critical for extending laboratory findings to nuclear material lifetimes and dynamic regimes as well as to the time scales of geological storage of nuclear waste.
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Values of τ are, however, largely unknown even for arguably the best studied material system -single crystalline Si at room temperature (RT). Indeed, current estimates of τ for Si at RT range from ∼ 10 −10 to 10 2 s, [8] [9] [10] [11] [12] [13] inconsistency of 12 orders of magnitude! Such a large scatter in the estimates of τ is related to the fact that calculations and measurements of τ are not straightforward. Indeed, although molecular dynamics (MD) simulations are currently practical for following defect evolution only for 10 −8 s, a number of MD studies by different groups 9-11 have suggested that defect evolution processes in Si at RT essentially cease for times 10 −10 − 10 −9 s after cascade generation.
Other estimates of τ have involved an analysis of the dose rate effect (also often referred to as the flux effect); i.e., the dependence of ion-beam-produced stable lattice disorder on the dose rate when all the other experimental parameters are kept constant. direction and backscattered into a detector at 164
• relative to the incident beam direction.
All RBS/C spectra were analyzed with one of the conventional algorithms 19 for extracting the effective number of scattering centers (referred to below as "relative disorder"). Figure 1(a) shows selected depth profiles of lattice disorder for continuous beam irradiation to different doses with a constant dose rate of 1.2 × 10 13 cm −2 s −1 . These depth profiles are bimodal, with the first peak reflecting the damage nucleated at or near the sample surface and the second broad bulk peak centered on a depth of ∼ 450 nm, where the nuclear energy loss profile is maximum. 20 The bulk damage buildup with increasing ion dose, better illustrated in Fig. 2 , is consistent with a number of previous systematic studies. 15, 21, 22 Disorder increases monotonically until full lattice amorphization is achieved. Fig. 2 ). Figure 1(c) shows depth profiles of disorder in Si irradiated with a pulsed beam when the total dose was split into a series of equal pulses. The inset in Fig. 1(c) shows a time dependence of the dose rate on the target and defines pulsed-beam-related parameters t on , t of f , and F on . For different curves shown in Fig. 1(c) , all the irradiation parameters were kept constant (a dose of 2.4 × 10 14 cm −2 , t on = 1 ms, and F on = 1.2 × 10 13 cm −2 s −1 ) except for t of f , the duration of the passive part of the ion beam cycle. Figure 1 (c) reveals that the amount of stable disorder in the bulk decreases with increasing t of f , while surface damage is essentially independent of t of f .
Interestingly, for both pulsed beam irradiation [ Fig. 1(c) ] and continuous beam irradia-tion with different dose rates [ Fig. 1(b) ], defect dynamics effects are evidenced only for the bulk and not the surface peak of disorder. This suggests that the same DA mechanisms are responsible for dose-rate and pulsed-beam effects. The similarity between pulsed irradiation and variable dose rate irradiation is further supported by Fig. 3 , which compares the dependence of stable damage on the average dose rate [F avg = F on /(1 + t of f /t on )] for cases of pulsed and continuous beam irradiation. 26 Figure 3 shows that, for a given average dose rate, pulsed and continuous beam irradiation regimes create similar (although not identical) levels of stable disorder, supporting the above suggestion that the same DA processes are responsible for dose-rate and pulsed-beam effects.
As mentioned above, in contrast to the case of dose rate data, the DA time constant τ is clearly revealed in pulsed beam experiments. Figure 4 shows a trend of reduced bulk disorder with increasing t of f . An increase in t of f from 0 ms (i.e., a continuous beam) to 50 ms results in an ∼ 72% decrease in bulk disorder. For t of f 50 ms, the disorder profile is essentially independent of t of f (within experimental errors), indicating that τ is on the order of magnitude of 10 ms.
The dependence of damage on t of f is related to the interaction of defects generated not only in different collision cascades but also by different pulses. As the beam is pulsed off the target, the defect concentration decreases via DA. For irradiation with t of f >> τ , DA processes have essentially decayed in time intervals between individual ion pulses. This behavior can be treated phenomenologically in terms of competitive damage generation and annealing processes, as has been done by Carter 27 for a semi-quantitative description of the dose rate effect. Figure 4 suggests that defect evolution follows a second order behavior.
Indeed, the dependence of the maximum defect concentration (n def ) obeys a second order
where n 0 and n ∞ are defect concentrations for t of f = 0 and ∞, respectively. A fit to the data in Fig. 4 with a nonlinear least-squares Marquardt-Levenberg algorithm yields n 0 = 78 at.%, n ∞ = 17 at.%, and τ = 6±1 ms. 28 The DA efficiency, which we define here as
, is ∼ 78%. Not surprisingly, a τ of 6 ms is in the range of previous estimates (10 −10 − 10 2 s).
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It is, however, two orders of magnitude smaller than the characteristic time constant of the ion-beam-induced recrystallization process in Si at elevated temperatures studied by Linnros and co-workers. 16 This is consistent with an expectation that τ depends both on material properties and irradiation conditions (i.e., substrate temperature; ion dose; the maximum dose rate; and the average density of collision cascades, 29 in the text, shown by a dash line. Error bars correspond to peak-to-peak noise in RBS/C-derived disorder profiles such as shown in Fig. 1(c) .
